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‡‡Department of Physics, Oakland University, Rochester, MichiganABSTRACT Recently, we described a method to quantify the time course of total transmembrane current (Im) and the relative
role of its two components, a capacitive current (Ic) and a resistive current (Iion), corresponding to the cardiac action potential
during stable propagation. That approach involved recording high-fidelity (200 kHz) transmembrane potential (Vm) signals
with glass microelectrodes at one site using a spatiotemporal coordinate transformation via measured conduction velocity.
Here we extend our method to compute these transmembrane currents during stable and unstable propagation from fluores-
cence signals of Vm at thousands of sites (3 kHz), thereby introducing transmembrane current imaging. In contrast to commonly
used linear Laplacians of extracellular potential (Ve) to compute Im, we utilized nonlinear image processing to compute the
required second spatial derivatives of Vm. We quantified the dynamic spatial patterns of current density of Im and Iion for both
depolarization and repolarization during pacing (including nonplanar patterns) by calibrating data with the microelectrode sig-
nals. Compared to planar propagation, we found that the magnitude of Iion was significantly reduced at sites of wave collision
during depolarization but not repolarization. Finally, we present uncalibrated dynamic patterns of Im during ventricular fibrillation
and show that Im at singularity sites was monophasic and positive with a significant nonzero charge (Im integrated over 10 ms) in
contrast with nonsingularity sites. Our approach should greatly enhance the understanding of the relative roles of functional
(e.g., rate-dependent membrane dynamics and propagation patterns) and static spatial heterogeneities (e.g., spatial differences
in tissue resistance) via recordings during normal and compromised propagation, including arrhythmias.INTRODUCTIONNormally the heart beats once per second by means of a uni-
formly propagating action potential wave: the propagating
depolarization wave front is followed a few hundred milli-
seconds later by repolarization (i.e., a wave tail). Premature
beats can elicit wavefront-tail interactions that may result
in regional conduction block and the formation of life-
threatening reentrant arrhythmias, including ventricular
fibrillation (VF). The ability to record the transmembrane
potential (Vm) from thousands of sites on the heart surface
using video imaging technology has provided significant
new insights into the understanding of wave propagation,
reentry, and VF (1–5).
The dynamic spatial patterns of Vm during wave propaga-
tion are the result of a complex interplay of currents across
the sarcolemma membrane and axial currents flowing pri-
marily along the direction of propagation. The total trans-
membrane current (Im) is the sum of the transmembrane
capacitive current (Ic¼ Cm*vVm/vt), and the transmembrane
resistive current (referred to as Iion), and is also equal to the
spatial gradient of the axial currents,
Im ¼ Ic þ Iion ¼ V ,

~DiVVi
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0006-3495/13/10/1710/10 $2.00where ~DiðeÞ is the intra- (extra)cellular diffusion tensor and
Vi(e) is intra- (extra)cellular potential. As described in our
previous article (6), in contrast to estimating Im from record-
ings of Ve at multiple locations (7–9), we used microelec-
trode recordings of Vi and Ve at a single site to quantify
the waveforms of all these transmembrane currents from
the surface of the heart during stable propagation using a
spatiotemporal coordinate transformation incorporating
conduction-velocity measurements. By estimating Im using
microelectrodes (the gold standard for potential measure-
ments), we presented estimates of actual values of trans-
membrane currents (6). This represented a major technical
advance because these currents cannot be measured directly
in tissue, and measurements in isolated cardiac myocytes
do not reflect the contribution of axial currents during
propagation.
The spatial distribution of Im, Ic, and Iion during propaga-
tion in the heart is of particular interest with regard to
abnormal impulse conduction, including focal and reentrant
cardiac arrhythmias. The spatiotemporal dynamics of these
currents during depolarization determine the source and
sink properties of wave-front propagation and are altered
at sites of collision and at the front of curved waves. In
addition, the dynamic patterns of these currents during
wavefront-tail interactions are of particular interest in the
study of conduction block and reentry.http://dx.doi.org/10.1016/j.bpj.2013.08.019
Transmembrane Current Imaging 1711In this article, we introduce a method for imaging the
spatial distribution of transmembrane currents during prop-
agation using previous microelectrode measurements (6) to
calibrate the membrane fluorescence data; as far as we
know, this approach was first suggested by Winfree (10).
Here we present the approach along with the dynamic
spatial patterns of transmembrane currents during wave
collision and demonstrate the feasibility and potential use
of our methodology during fibrillation.
For Glossary of terms used in this article, see Table 1.METHODS
Overall approach
We quantify Im from the second spatial derivative of high resolution record-
ings of Vm (recorded by fluorescence video imaging) using what we believe
to be a novel algorithm, as described below. In this article, stable propaga-
tion (i.e., constant conduction velocity) is not assumed, and Im is computed
from the second spatial derivatives of fluorescence recordings of Vm. Here
we assume spatial uniformity in our 1  1 cm recording area of the
following variables: action potential amplitude, anisotropy ratio (AR), and
fiber angle (f). The approach is the same if any of these parameters vary
spatially by replacing the value with the corresponding spatial pattern.
Fig. 1 shows a diagram illustrating the computation of the dynamic images
of IFc, I
F
m, and I
F
ion; the superscript F on these transmembrane currents
indicates that they are computed directly from the fluorescence imaging
data. Signals are calibrated (indicated by asterisks) using Vm measured
simultaneously with a glass microelectrode at 200 kHz (6), and we repre-
sent transmembrane current values per unit membrane surface area in units
of microamps per cm2 (mA/cm2).Optical recordings
All experiments followed the guidelines of the National Institutes of Health
for the ethical use of animals in research and were approved in advance by
the Vanderbilt Institutional Animal Care and Use Committee. Using proce-
dures identical to our previous publication (6), all recordings were from the
epicardial surface of the anterior left ventricle. The voltage-sensitive dye
di-4-ANEPPS was excited by a diode-pumped, solid-state laser (Verdi;
Coherent, Santa Clara, CA) at a wavelength of 532 nm. The fluorescence
emitted from the imaged area of the heart was passed through a long-
pass filter (No. 25 Red, 607 nm; Tiffen, Hauppauge, NY) and images
from an ~1 1 cm region from the surface of the rabbit heart were recorded
at 40  40 pixels at 3 kHz via a 14-bit quad charge-coupled device
(CCD) camera (CardioCCD-SMQ; RedShirt Imaging, Decatur, GA).
One-hundred beats were averaged to improve signal quality. The fluores-
cence action potential amplitude at each site was normalized and theTABLE 1 Glossary
Abbreviation Description Units
Cm Transmembrane capacitance mF/cm
2
D Diffusion coefficient cm2/ms
Ic Transmembrane capacitive current mA/cm
2
Iion Transmembrane ionic current mA/cm
2
Im Total transmembrane current mA/cm
2
Vm Transmembrane potential (mV
Fm Fluorescent transmembrane potential None
Vopt Simulated fluorescent potential None
AR Anisotropy ratio None
f Fiber angle Radiansactivation time at each site was determined as the time of the maximum
temporal derivative of the fluorescence signal using quadratic fitting to
interpolate between frames. There was no temporal or spatial filtering of
the optical data except for a five-point (1.5 ms) median temporal filter for
the fibrillation data.Computer simulations
Simulations were carried out using the monodomain formulization in a
three-dimensional geometry of dimensions 1  1  0.4 cm (thickness), in-
tegrated using Euler’s explicit method with a space step of 0.005 cm in all
directions and a time step of 0.002 ms with values of Cm ¼ 1 mF/cm2, Di ¼
0.001 cm2/ms, and AR ¼ 2 (both across fibers on epicardium and across
the wall). The fiber angle rotated across the tissue depth from 0 on the
epicardium to 180 on the endocardium. All tissue boundaries were sealed,
so that the current density normal to the surface was zero. The ionic current
was a simple I/V model with no gating variables, designed to replicate the
action potential shape (only) at a pacing interval of 300 ms from these
experiments (6). Stimulus current with a duration of 1 ms and an amplitude
of 200 mA/cm2 was applied to several different regions of the model to
initiate various experimentally observed activation patterns; the duration
of the simulations was 30 ms. Both Vm and the simulated optical transmem-
brane potential (Vopt) from the epicardial surface were analyzed for uniform
epicardial illumination. The optical diffusion equation for the illumination
light was solved analytically using standard values of optical parameters
(11). Vopt was solved at each time point using an overrelaxation method,
with 100 iterations at each time point; Vopt at the previous time step was
used as the initial guess for the iteration. Vopt action potential amplitude
was scaled to match that of the simulated Vm (111 mV), which we define
as V*opt.ALGORITHM DEVELOPMENT
The computation of second spatial derivatives from noisy
data is a notoriously difficult problem. For stable propaga-
tion, the cable equation allows the conversion of spatial
and temporal derivatives, as we did in our previous article
(6); however, that transformation is not appropriate for
nonuniform propagation, such as wave collisions and
reentry. Hence, we developed an algorithm for computing
spatial derivatives from fluorescence movies of transmem-
brane potential.Computation of Im(x,y,t) from the spatial
distribution of intracellular potential, Vi(x,y,t)
To begin, we computed the anisotropy ratio AR and f as
done previously (12). We assumed that the 1  1 cm region
of the epicardial surface from which we record is uniformly
anisotropic (i.e., straight fibers). Knisley et al. (13) have
shown that there is very little fiber curvature on the 1 
1 cm region of the rabbit LV from which we recorded our
data and even concluded that fiber curvature plays a second-
ary role in activating cardiac tissue compared to second
spatial derivatives of extracellular potential. In the Support-
ing Material, we provide an equation (and derivation) of the
error introduced if fibers are curved. To compute spatial
derivatives, we defined a coordinate system aligned with
the fibers such that axis L is aligned with fibers and axis TBiophysical Journal 105(7) 1710–1719
FIGURE 1 Schematic illustrating the measure-
ment of Vi, Ve, and fluorescent transmembrane
potential Fm from the surface of the isolated rabbit
heart. The steps required for computing ion-current
images involve the calibration (indicated by aster-
isks) of Fm, Im, Ic, and Iion. (RA, right atrium; LA,
left atrium; RV, right ventricle; LV, left ventricle;
CCD, charge-coupled device fluorescent-imaging
camera; x, horizontal; y, vertical image axes of
CCD; t, time; AR, anisotropy ratio; f, fiber angle.)
Other abbreviations are defined in Table 1. Im is
computed as the second spatial derivative of Fm us-
ing a nonlinear local surface fit (polyfit); the details
of the methodology shown here are provided in the
text (see Methods; see Algorithm Development).
1712 Gray et al.is perpendicular; hence, the equation for Im after rotation by
f and anisotropic scaling by AR is
Im ¼ CmDi

v2Vi
vx2

cos2 fþ a sin2 f
þ 2 v
2Vi
vxvy
cos f sin fð1 aÞ
þ v
2Vi
vy2

sin2 fþ a cos2 f

;
(2)
where a ¼ (AR)2 and Di is the intracellular diffusion coef-
ficient in the direction of fibers. To compute Im at site (x,y)
we perform a least-squares, second-order polynomial sur-
face fit to a subarray (kernel) of Vi, centered at x,y (the
size of this subarray can be varied; we consider square
kernels parameterized by k: the edge lengths of the kernel
are equal to 2k). The best fit surface (Ffit) is represented
by a 3  3 parameter matrix ~A as
Ffitðl;mÞ ¼ A0;0 þ A1;0lþ A2;0l2 þ A0;1mþ A1;1lm
þ A2;1l2mþ A0;2m2 þ A1;2lm2 þ A2;2l2m2;
(3)
where l and m are dummy variables representing the hori-
zontal and vertical position in the subarray. Differentiating
Ffit, we obtain equations for all second-order spatial
derivatives:
v2Ffitðl;mÞ
vx2
¼ 2A2;0 þ 2A2;1mþ 2A2;2m2; (4)
v2Ffitðl;mÞ ¼ 2A þ 2A lþ 2A l2; (5)
vy2
0;2 1;2 2;2
v2Ffitðl;mÞ ¼ v
2Ffitðl;mÞ ¼ A þ 2A lþ 2A mvxvy vyvx
1;1 2;1 1;2
þ 4A2;2lm:
(6)
Combining Eqs. 2–6 allows us to compute Im at the center
of the subarray kernel, i.e., (k, k), yielding the desired
scalar:Biophysical Journal 105(7) 1710–1719Im ¼ 2CmDi
h
A2;0 þ A2;1k þ A2;2k2

cos2 fþ a sin2 f
þ A1;1 þ 2A2;1k þ 2A1;2k þ 4A2;2k2
 cos f sin fð1 aÞ
þ A0;2 þ A1;2k þ A2;2k2sin2 fþ a cos2 f
i
:
(7)
The Supporting Material provides evidence of the superior-
ity of this approach compared to image convolution (pre-
sumably because of the inclusion of nonlinear terms).Validation of computing Im using Vm (not Vi)
True Im is proportional to the second spatial derivative of Vi;
however, the fluorescence recordings measure a signal pro-
portional to Vm. We hypothesized that Vi could be replaced
with Vm in Eq. 2 with negligible effects on the accuracy of
the computation of Im. To assess the validity of this approx-
imation, we computed Im from microelectrode recordings of
both Vm and Vi using the spatiotemporal coordinate transfor-
mation described previously (6); the time course of Im was
nearly identical, as shown in Fig. S1 in the Supporting
Material.Calibration of optical action potential amplitude
Because fluorescence recordings provide only relative mea-
sures of true Vm, we calibrated optical action potential
amplitude using microelectrode recordings. Both Vi and Ve
were recorded during pacing and Vm was computed from
their difference (6), and then this Vm signal (one signal
from each heart) was used to normalize the optical signals
at all 1600 sites. Because the resting value of Vm is not rele-
vant to our analysis, we scaled the fluorescence intensity at
each site to range from zero to the action potential amplitude
(APA) of Vm, which varied no more than 1–2 mV during
each impalement. This normalized fluorescence signal in
mV is referred to throughout as F*m and is a function of
horizontal (x) and vertical (y) image directions as well as
Transmembrane Current Imaging 1713time (t). The fibrillation data were normalized such that the
minimum and maximum at each site in the 5-s optical
recording matched those of the simultaneously acquired
recording of Vi from a glass microelectrode.Calibration of optical transmembrane current
densities
As with all recording methods, there is a transduction pro-
cess between the signal of interest and the recorded signal.
Unlike other recording devices, such as electrodes and the
corresponding electrochemistry, the signal transduction pro-
cess of optical mapping is not well understood (although
there have been some recent efforts to explain it) (11,14–
17). There is little doubt that the spatial and temporal
frequency content of the fluorescence signal depends on
the experimental preparation and the characteristics of the
recording device. A detailed discussion of the temporal
and spatial frequency content of our optical Fm recordings
is provided in the Supporting Material.
For all six hearts, we identified the pixel nearest to the
microelectrode impalement in the optical recordings during
longitudinal pacing by visual inspection of the electrode
shadow, and calibration factors were computed from the
ratio of the currents computed for this pixel and the values
determined from the microelectrode measurements (6).
We define the optical capacitive current at each pixel as
IFc ¼ Cm
vFm
vt
; (8)
and calibrate it according to the value computed from the
microelectrode data (6),
Ic ¼
IFc
g
; (9)
where g is a calibration factor computed separately for de-FIGURE 2 Calibration of transmembrane currents computed from fluo-
rescence transmembrane signals in experiments (F*m) and simulations
(Vopt). (A) Ic computed from microelectrode data (thick line) and I*c
computed from F*m at a nearby site and scaled (thin line). (B) Im computedpolarization as the ratio of (vV*m/vt)max and (vF*m/vt)max),
and repolarization as the ratio of (vV*m/vt)min and (vF*m/
vt)min). As expected (18), g > 1 during depolarization,
with an average value of 8.4 5 0.4 for depolarization and
1.35 0.1 for repolarization.
Similarly, we calibrated IFm from the microelectrode
data:
Im ¼
IFm
b2
: (10)
Because IFm was below the noise during planar wave repo-
Ffrom microelectrode data (thick line) and I*m computed from the spatial
gradient of F*m at a site closest to the microelectrode and scaled (thin
line). (C) Ic computed from simulated Vm (thick line) and I*c computed
from Vopt at a the same site and scaled (thin line). (D) Im computed from
simulated Vm (thick line) and I*m computed from the spatial gradient of
Vopt and scaled (thin line). Details of this calibration are provided in
Algorithm Development.larization, we computed b only for depolarization. I m, a
biphasic signal, was computed as described above in
Eq. 7, but using F*m in place of Vi. The maximum and min-
imum of IFm during depolarization were 1.45 5 0.15 and
1.36 5 0.16, respectively (n ¼ 6), resulting in b ¼ 9.5
(average value of both extrema during depolarization).Examples of calibrated IFc and I
F
m signals (i.e., I*c and
I*m) are shown superimposed on their microelectrode coun-
terparts in Fig. 2 for both the experiments (left) and simula-
tions (right). The fact that the optical waveform shapes
(after calibration of amplitude and duration) of these signals
are nearly identical to those computed from the microelec-
trode data provides justification for this simple linear scaling
and the computation of I*c and I*m as well as I*ion as their
difference. The simulations were consistent with this
assumption and the scaling factors for the simulations
(g ¼ 7.8 and b ¼ 7.8) were remarkably similar to experi-
mental values.
Of course, during VF it is not possible to separate the tem-
poral frequency-dependent attenuation of Fm into depolari-
zation and repolarization, so only an uncalibrated total
transmembrane current (IFm) was computed during VF.RESULTS
Here we show, to our knowledge for the first time, the
spatiotemporal dynamics of calibrated transmembrane cur-
rents (I*m and I*ion) at thousands of sites, i.e., transmem-
brane current imaging. We first show in Figs. 3 and 4
examples of the transmembrane current patterns during
wave collision resulting from pacing at two sites. We also
present the uncalibrated IFm patterns during VF, including
focal activation, wave collision, reentry, and block, inBiophysical Journal 105(7) 1710–1719
FIGURE 3 Transmembrane current imaging during wave collision re-
sulting from pacing at two sites (locations indicated by asterisks in the
lower-left and upper-right corners). (A) Isochrone map indicating the
position of the wave front at 1-ms intervals. (Gray solid lines) Direction
Biophysical Journal 105(7) 1710–1719
1714 Gray et al.Figs. 5 and 6. High-resolution (300 mm), high-speed (3 kHz)
movies of these data are available in the Supporting
Material.
The wave-front dynamics (i.e., the depolarization pro-
cess) occurring during simultaneous pacing from the
upper-right and lower-left corners of the imaged area are
shown in Fig. 3. The two resulting wave fronts propagate
steadily across fibers before colliding near the bottom right
of the array. These colliding wave fronts merge and their
intersection moves rapidly toward the upper-left corner
(see dashed line in isochrone map in Fig. 3 A) while the
waves collide and annihilate toward the bottom of the
recording array indicated by two small gray parallel lines.
The F*m upstrokes and the corresponding transmembrane
current (I*ion, I*m, and I*c) traces for five sites are shown
in Fig. 3 B. Individual frames from two instants (identified
as vertical dashed lines superimposed on F*m upstrokes in
Fig. 3 B) are shown for F*m, I*m, and I*ion in Fig. 3 C
(I*c is not shown because only two of three of these currents
are independent). During the initial steady transverse prop-
agation (sites 1 and 2), the transmembrane current wave-
forms in Fig. 3 B resemble those for stable propagation
with biphasic I*m. However, at sites of wave-front collision
(sites 3–4), I*m is monophasic and outward (positive) and
I*ion is decreased during depolarization. Wave collision pat-
terns varied slightly across animals but all patterns were
characterized by a merging of two wave fronts in an upward
V-shaped cusp with collision and annihilation of waves at
the bottom. The dynamic spatial patterns of F*m, I*m, and
I*ion can be viewed as movies in the Supporting Material.
Although these patterns represent the global behavior, it is
important to note that the spatial extent of the F*m wave
front, the width of I*ion during depolarization, and the
breadth of the I*m dipole during depolarization, are all too
wide by approximately a factor of 8 (see the Supporting
Material).
Another example of wave collision is shown in Fig. 4.
Isochrone maps of both depolarization (Fig. 4 A) and repo-
larization (Fig. 4 B) illustrate similar patterns of activation
and recovery. For each animal we computed calibrated
movies of I*m and I*ion for depolarization and repolariza-
tion. The spatial distribution of I*minion that occurs during
depolarization and I*maxion that occurs during repolarization
are shown for this animal in Fig. 4, C and D, respectively.
There was a decrease in magnitude of I*minion along the
line where the two waves merged in all animals but there
was no noticeable spatial pattern of I*maxion. To quantifyof propagation. (Dashed gray lines) Intersection of two waves. (Parallel
gray lines) Collision and block. (B) Time course of transmembrane poten-
tial as recorded using a fluorescence probe (F*m) in the upper-left panel and
calibrated transmembrane current density (I*ion, black; I*m, red; I*c, blue)
signals at the five labeled locations during depolarization. (C) Snapshots of
F*m, I*m, and I*ion at two instants of time (indicated by the two vertical
dashed lines in the Fm plot in panel B).
FIGURE 4 Analysis of I*ion spatial distribution
during a wave collision. (A) Isochrone map
indicating the position of the wave front (depolar-
ization) at 1-ms intervals. (B) Isochrone map
indicating the position of the wave tail (repolariza-
tion) at 5-ms intervals. (C) Spatial distribution of
I*minion that occurs during depolarization. (D)
Spatial distribution of I*maxion that occurs during
repolarization. Note the different timescale of
isochrones and magnitude of I*ion for depolariza-
tion and repolarization.
Transmembrane Current Imaging 1715the effect of wave collision on transmembrane currents, we
computed peak currents at two sites (one along transverse
normal planar propagation and at a collision site—one of
the last sites to activate: sites 1 and 5 in Fig. 3). The results
from one sided t-tests are shown in Table 2 and demonstrate
that there were decreases in Im*
min and I*minion at the site of
collision, but not in Ic*
max, Im*
max, or I*maxion. That is, there
was a decrease in the magnitude of the inward component of
the total transmembrane current and ionic current during
depolarization at collision sites.
Examples of the complex spatiotemporal dynamics of
F*m and I
F
m during VF are shown in Figs. 5 and 6. In
each of these two figures, we show isochrone maps in panel
A, traces of F*m at two sites in panel B, the corresponding
traces of IFm in panel C, and snapshots of Fm (top), I
F
m
(middle), and cardiac phase, q (bottom) in panel D. In
Fig. 5, a focal activation appeared de novo on the heart sur-
face at site 1 and another site near the upper-left corner; the
resulting wave fronts collided at site 2. At site 1, the IFm
waveform is monophasic and inward (negative), whereas
IFm is monophasic and outward (positive) at site 2. Reentry
(counterclockwise) around a line of block is presented in
Fig. 6. Away from the line of block, the IFm deflection
was biphasic (site 1), whereas IFm traces were smaller and
slower along the line of block (site 2). Fig. 6, B and D,
shows, for the first time to our knowledge, the transmem-brane current at the site of a phase singularity. Simulta-
neously acquired microelectrode Vi and nearby optical
recording at one site during VF are shown in Fig. S5.
We hypothesized that during VF, IFmwould be different at
sites of phase singularities (i.e., sites of wave breaks and the
center of reentrant waves) compared to other sites. To test
this hypothesis we compared IFm at singularity sites to non-
singularity sites. Specifically, the value of IFm within55 ms
at each singularity was compared to all IFm values at nonsin-
gularity sites. At nonsingularity sites, the mean IFm was
statistically less than zero (p < 0.00001), but the corre-
sponding charge
QFm ¼
Z
IFmdt
(computed over the same 10 ms) was not statistically
different than zero. For singularity sites, both the mean
IFm and corresponding charge, Q
F
m (computed over the
same 10 ms), were statistically greater than zero, p <
0.00001 (all one-tailed t-tests), as shown in Fig. 7.DISCUSSION
Here we provide what we believe to be a novel method to
compute the high-resolution dynamic patterns of Im andBiophysical Journal 105(7) 1710–1719
FIGURE 5 Transmembrane current imaging of focal activation and wave
collision during fibrillation (noncalibrated Im values only). (A) Isochrone
map indicating the position of the wave front at 1-ms intervals demon-
strating focal activation from two locations followed by collision. Time
Biophysical Journal 105(7) 1710–1719
1716 Gray et al.Iion at thousands of sites using optical mapping of Vm (i.e.,
transmembrane current imaging) during stable and unstable
propagation. We present preliminary results regarding a
variety of wave patterns during pacing and VF, such as
wave collisions, focal activation, and reentry. We found
reduced inward current during depolarization for both Im
and Iion at sites of wave collision, consistent with simulation
results (19). Our findings are also consistent with those of
Coronel et al. (8) and Witkowski et al. (7,20), who used
extracellular electrode arrays to estimate Im during VF and
found that signals during the upstroke were biphasic during
normal propagation, entirely positive at sites of wave colli-
sion, and entirely negative at sites of focal activation. We
also found that both Im and its integral are increased only
at phase singularity sites during VF, suggesting that, on
average, Im at singularity sites was monophasic and positive
(i.e., Im acts to increase Vm only at phase singularity sites)
unlike at nonsingularity sites, where the delivered charge
was zero.
As far as we know, Im has not previously been estimated
from the spatial distribution of Vm experimentally. The first
attempts to estimate Im from multiple extracellular record-
ings in cardiac tissue were efforts to record injury currents
during ischemia (21,22). These studies did not attempt to
resolve the rapid Im changes associated with the wave
front, but they did compute Laplacian signals during the
plateau and resting phases. Witkowski et al. (7) estimated
the Im time course (not absolute values) during wave-
front propagation from closely spaced extracellular
electrodes using one space and one time derivative
and assuming constant conduction velocity (CV) using
the magnitude and direction of the CV vector. Coronel
et al. (8) estimated the time course and magnitude of
peak Im during wave-front propagation via extracellular
Laplacians, which we believe is an order-of-magnitude
too small, as we have discussed previously (6). Recently,
microfabrication techniques were used to construct extra-
cellular arrays for Im wave-shape estimation using small
diameter recording electrodes (9). It should be noted
that the value of Ve measurements is sensitive to a variety
of factors, such as electrode size, the position of the
ground, and the distance between the electrode and the
membrane.
The limitations of our study and most others that
utilize fluorescence imaging of Vm include the use of a
drug to eliminate contraction, and the complexity of
interpreting fluorescence images from the surface of
three-dimensional tissue. The use of diacetyl monoximecourse of transmembrane potential (B) as recorded using a fluorescence
probe (F*m) at two sites (C) and the corresponding I
F
m signals. (D) Snap-
shots of F*m, I
F
m, and q at two instants of time (indicated by vertical dashed
lines in panels B and C). The value q was computed at each site as
arctan½Fmðt þ tÞ  F50; FmðtÞ  F50, where F50 represents 50% of F*m
range and t ¼ 10 ms.
FIGURE 6 Transmembrane current imaging of reentry during fibrillation
(relative Im values only). (A) Isochrone map indicating the position of the
wave front at 1-ms intervals demonstrating reentry. Time course of trans-
membrane potential (B) F*m at two sites and the corresponding I
F
m (C)
Transmembrane Current Imaging 1717may affect transmembrane current values, although our
CV values compare favorably to those for epicardial propa-
gation on the surface of the rabbit heart in control (23).
The integration of signals from different depths and the
associated light scattering limit the accuracy of measure-
ments of temporal and spatial derivatives from the surface
of isolated hearts. As a first approximation, we address
this limitation by rescaling the fluorescence data based on
microelectrode recordings, as described in Algorithm
Development. The action potentials recorded using fluores-
cence probes had significantly slower rates of rise compared
to those recorded with glass microelectrodes; because we
recorded both from nearby locations simultaneously
we provide a quantitative characterization of their differ-
ences in the Supporting Material as well as performing
computer simulations incorporating the effects of light
scattering, which correspond very well to our experimental
data. As other investigators have done, we computed
spatial gradients from only the epicardial surface layer
(7–9,20–22), whereas the true gradients include three-
dimensional information, which is much harder to obtain.
Our simulations indicate that the transmural component of
Im for longitudinal pacing was ~8%.
Hyatt et al. (14,15) and Zemlin et al. (17) has proposed
that the level of fluorescence where the maximum deriva-
tive occurs during the optical action potential upstroke
reflects the orientation of the wave front beneath the sur-
face. The average level where the maximum derivative
occurred in our recordings was 47% for longitudinal prop-
agation and 55% for transverse propagation (see the
Supporting Material), which is similar to the value of
50% that is indicative of the excitation front propagating
parallel to the surface according to Hyatt et al. (15). Our
methodology does not allow us to separate Im into its
components during fibrillation, and the separation of Iion
into its species components will require pharmacological
interventions to selectively block specific ion currents.
Finally, although we assumed spatial uniformity of Cm,
Di, APA, AR, and f, our methodology is valid for heteroge-
neous tissue which can be included in the computations if
the spatial distribution of these parameters are known at the
scale of the kernel.
In conclusion, our work provides the foundation for
quantitative studies of transmembrane current spatiotem-
poral dynamics during normal and abnormal rhythms.
Transmembrane current imaging could usher in a new era
of quantitative electrophysiological information previously
obtainable only for isolated cells and membrane patches.
Of particular importance are the transmembrane currents
during depolarization that are significantly altered during
wave collisions (19), curved waves (24), and focal activitysignals. (D) Snapshots of F*m, I
F
m, and q at two instants of time (indicated
by vertical dashed lines in panels B and C). Phase singularity sites are indi-
cated in q images as minus signs, indicating counterclockwise rotation.
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TABLE 2 Transmembrane currents during wave collision
Variable Ratio (C/T) p (vs. 1.0)
Ic*
max 1.25 0.2 0.3
Im*
max 1.15 0.3 0.7
Im*
min 0.325 0.07 0.008*
I*minion 0.365 0.06 0.009*
I*maxion 1.035 0.4 0.7
1718 Gray et al.and fibrillation (7,8,20) compared to normal planar propaga-
tion. Our work provides the experimental and theoretical
basis to tease apart the relative roles of functional (e.g.,
rate-dependent membrane dynamics and propagation pat-
terns) and static spatial heterogeneities (e.g., spatial differ-
ences in tissue resistance) during propagation. Further
studies should lead to improved therapies for cardiac
arrhythmias (and other conduction abnormalities), e.g., by
targeting ion channel kinetics to alter membrane dynamics,
but targeting connexin proteins to change tissue resistance.FIGURE 7 Comparison of membrane current IFm (A) and membrane
charge QFm (B) at phase singularity sites (grey) and nonphase-singularity
sites (black). The value n refers to values computed from every 10-ms
interval at each location.
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